Liquid crystal elastomer (LCE) has been recently explored extensively to make diverse active structures and devices. Depending on synthetic process, LCE can be made either polydomain or monodomain when ambient temperature is below isotropic clearing temperature. In the applications, LCE may be subjected to large mechanical stretch or force and break apart. The capability of predicting the rupture of LCE under different loading conditions is crucial for the applications. However, according to our knowledge, there is no report on fracture energy measurement of LCE. In this paper, we measured fracture energy of both monodomain and polydomain LCEs using pure shear test. We found that polydomain LCE has significantly higher fracture energy than monodomain one. We suggest that the increase of fracture energy in polydomain LCE is attributed to stretch-induced polydomain-to-monodomain transition near the crack tip of the material.
Introduction
A combination of liquid crystal and polymeric network can form a new materialliquid crystal elastomers (LCEs). The special molecular combination endows LCEs with many unique properties such as soft elasticity [Dey et al., 2013; Biggins et al., 2012; Brown and Adams, 2012; Adams and Warner, 2005] and multi-responsiveness [Corbett and Warner, 2009; Finkelmann and Shahinpoor, 2002; Petsch et al., 2014; Xing et al., 2015] , which have led to myriad applications ranging from artificial muscle [Finkelmann and Shahinpoor, 2002; Li and Keller, 2006 ] to stretchable optical devices [Schmidtke et al., 2005; Shilov et al., 1998; Schmidtke et al., 2002; . Recently, several biological materials such as actin filament network [Dalhaimer et al., 2007] and fibrillar collagens [Knight and Vollrath, 2002] have also been found to have similar molecular structure and behaviors as synthesized LCEs.
Depending on the ambient temperature, liquid crystal molecules, also called mesogens, in LCEs can be either in crystal state when temperature is lower than isotropic clearing temperature or amorphous state when temperature is higher than isotropic clearing temperature. Without special treatment during the synthesis, LCEs are usually fabricated in polydomain state with very fine texture of mesogenic orientations. Mesogens align well inside one domain, but the alignment varies from one domain to another, which makes the polydomain LCE opaque. A mechanical stretch can make polydomain LCE transit to monodomain state which is highly transparent. Release of the stretch will make LCE turn back to polydomain [Clarke et al., 1997] .
To directly synthesize monodomain LCE, Küpfer and Finkelmann [1991] firstly introduced two-step crosslinking synthesis. In the experiments, two crosslinking reactions with very different reaction rates were used in synthesizing LCEs. After the completion of the fast crosslinking reaction, uniaxial stress was applied onto a loosely (1st)-crosslinked LCE. The slow crosslinking reaction then proceeded inside the stretched LCE. Finally, a monodomain LCE was obtained and all mesogens oriented toward the stretch direction. Currently, it is still the most commonly adopted method to fabricate monodomain LCE.
Since LCE was synthesized, mechanical properties of it have been intensively studied. For instance, soft elasticity in LCEs associated with stretch-induced rotation of mesogens has been modeled and experimentally demonstrated [Warner, 1999; Warner and Terentjev, 2003; Stenull and Lubensky, 2005] . Unusual temperaturedependent viscoelastic behaviors of LCEs have been recently uncovered experimentally [Azoug et al., 2016] . The interplay of thermal field, electrical field, optical field and mechanics in LCEs has also been studied by different researchers [CamachoLopez et al., 2004; Lehmann et al., 2001; Thomsen et al., 2001] .
For many applications of LCE, they may be subjected to large mechanical stretch or force. When the stretch or force is too large, LCE may break. Therefore, it is of great importance to be able to predict the rupture of LCE under different loading conditions. Although mechanical behaviors of LCE have been intensively studied as discussed above, according to our knowledge, no results have been reported on the rupture of LCEs. In this paper, we experimentally studied the rupture of both polydomain and monodomain LCEs. From the measurements, we found out fracture energy of polydomain LCE is significantly higher than that of monodomain LCE.
Materials and Methods
In the experiment, we synthesized both polydomain and monodomain LCEs by following a recently developed method [Yakacki et al., 2015] . 
LCE synthesis
12.00 g RM257, the diacrylate mesogen, was dissolved in toluene and the mixture was heated at 85 • C to be homogenous. Then, 0.0772 g HHMP as the crosslinking initiator in the second polymerization stage was added into the solution and heated to be dissolved. After that, 2.7360 g EDDET which acts as the flexible spacer in the LCE, and 0.6996 g PETMP, the tetra-arm thiol crosslinker, were added into the stirring RM257 solution dropwise. The Michael addition reaction catalyst 0.0378 g DPA was added later. The mixture was degassed in the vacuum to remove the bubbles inside and poured into a rectangular glass mold with the thickness of 0.5 mm for polydomain LCE samples and 1 mm for monodomain LCE samples. The reaction proceeded at the room temperature overnight. In this step, the thiol groups will react with the acrylate groups in RM257 via Michael addition reaction to form the first crosslinking network. After putting into the oven for 24 h to evaporate the toluene, the film was uniaxially stretched and placed under 365 nm UV light (UVP High-Intensity UV Inspection Lamp, 100 W) for 15 min to complete the second crosslinking reaction. The stretch ratio λ pre varies from 1 to 5 (1 means no stretch). Figure 1 sketches the synthesis procedure. Depending on the magnitude of λ pre , LCE films with different alignment of mesogens can be obtained. When λ pre = 1, polydomain LCE film can be obtained. When λ pre = 5, monodomain LCE film with the best alignment can be obtained.
Measurement of fracture energy of LCEs
We adopted pure shear test, first introduced by Rivlin and Thomas [1953] , to measure fracture energy of LCEs. The way of calculating fracture energy of LCEs is sketched in Fig. 2 . For the LCE samples synthesized in the same condition, three identical experiments were conducted. As shown in the inset of Fig. 2 , we denote the length, height and thickness of a LCE sample in the undeformed state by L, H and B. We denote the height of the LCE sample after stretch by h. In our experiments, the length L was 10 times of the height H, and for precut samples, a crack with length C = 4H was introduced in the length direction by a razor blade as shown in Fig. 2 . A LCE thin film was glued onto thin acrylic plates, and then the acrylic plates were clamped by the grippers of mechanical testing machine (Instron 5965) with a 1000 N load cell. Stretch was along the height direction with the stretch rate of 0.3/min. During the test, no detectable temperature change has been observed in the sample. As shown in Fig. 2 , fracture energy Γ was computed as the equation below, which was firstly given by Rivlin and Thomas [1953] ,
λ rup is stretch at rupture for the LCE sample with a precut, W (λ rup ) is strain energy density of pristine LCE sample with stretch λ rup . The above formula can be understood as follows: in the pure shear test sketched in Fig. 2 , as the crack grows by the length A, the elastic energy stored in the elastomeric thin film with the width A is released. Consequently, fracture energy of the elastomer can be computed by Eq. (1). Because W (λ rup ) in Eq. (1) is directly measured experimentally, the equation is valid regardless of the specific form of the constitutive model of the elastomer.
Results and Discussion

Pure shear test of pristine polydomain and monodomain LCEs
Figure 3(a) shows the stress-stretch curves of pristine polydomain LCEs under pure shear test. When the stretch is beyond a certain value, softening can be clearly detected from the stress-stretch curves, which usually refers to semi-soft elasticity as described in the literature [Warner, 1999] . In the experiment, opaque polydomain LCEs become transparent when the stretch is large. It has been known [Küpfer and Finkelmann, 1991; Clarke et al., 1997] that such material softening and optical transparency transition are correlated to polydomain-to-monodomain transition in the LCEs induced by mechanical stretch.
Figures 3(b) and 3(c) plot measured stress-stretch curves of pristine monodomain LCEs with four different applied prestretches during their second crosslinking stage. In Fig. 3(b) , the tensile direction is perpendicular to the prestretch direction, while the tensile direction is parallel to the prestretch direction in Fig. 3(c) . It can be seen clearly from Figs. 3(b) and 3(c), mechanical properties of LCEs strongly depend on the magnitude of applied prestretch during their second crosslinking stage and are also highly anisotropic. Similar to Fig. 3(a) , when the tensile direction is perpendicular to the prestretch direction, rotation of mesogenic molecules toward the tensile direction results in material softening as shown in Fig. 3(b) . Mechanical stiffness is much higher in monodomain LCEs in the direction parallel to the prestretch direction as shown in Fig. 3(c) . The larger prestretch applied to the LCEs during the second crosslinking stage, the higher stiffness of the LCEs along the prestretch direction. When the tensile direction is parallel to the prestretch direction, rotation of mesogenic molecules contributes negligibly to the overall strain. 
Rupture of polydomain and monodomain LCEs
Stretch at rupture of LCEs with a precut
Figures 4(a)-4(c) plot the stress-stretch curves of polydomain and monodomain LCEs with precut. Comparing Figs. 3 and 4, we find that the stretchability of LCEs is significantly reduced through the introduction of a precut with millimeter size. The effect of applied prestretch during LCE synthesis on stretch at rupture of precut LCEs is plotted in Fig. 5 . Polydomain LCE samples have the largest stretch at rupture which is around 1.51 ± 0.03. The stretch at rupture decreases in the prestretched LCE samples when the loading direction is either perpendicular or parallel to the prestretch direction. It should be directly correlated with the fact that polydomain LCE has the largest fracture energy as discussed later. When prestretch (b) Photos of a pristine polydomain LCE sample and a precut polydomain LCE sample under pure shear test. When the stretch is larger than 1.6, the material near the crack tip changes from opaque to transparent, which is due to polydomain-to-monodomain transition induced by stretch. Such transition can dissipate additional energy, and thus increase fracture energy of polydomain LCE.
is beyond 3, the stretch at rupture for monodomain LCE samples is between 1.2 and 1.3 for both loading directions.
Fracture energy of LCEs
Figure 6(a) plots fracture energy of LCEs with different applied prestretches during their second crosslinking stage in the fabrication. It is clear that polydomain LCE, which corresponds to no applied prestretch during the synthesis, has the highest fracture energy (2808 ± 353 J/m 2 ). When the LCE samples are prestretched beyond 3 during the preparation, the fracture energies of LCEs are reduced to the level around 1000 J/m 2 for the loading directions both parallel with and perpendicular to the prestretch direction. It should be noted that we have verified that the measured fracture energies for different LCE samples do not depend on the dimensions of the sample and the precut. We believe that the significant increase of fracture energy in polydomain LCEs is mainly attributed to the stretch induced polydomain-to-monodomain transition near the crack tip of polydomain LCEs. As shown in Fig. 6(b) , an initially opaque polydomain precut LCE sample becomes transparent near the crack tip when the stretch is large. As pointed out before [Clarke et al., 1997] , such optical transparency transition is due to the polydomainto-monodomain transition induced by mechanical stretch. The toughening mechanism in polydomain LCE can be understood by examining the history of stress and strain of a material particle near the plane of the crack: when stretch is applied to the polydomain LCE sample with a precut, the material particle is gradually stretched and transit from polydomain to monodomain. After the crack front passes by the material point, it is unloaded. The material particle undergoes large hysteresis due to the polydomain-to-monodomain transition, which dissipates extra energy and thus increase fracture toughness of polydomain LCE. The fracture energy measured in the LCEs with loading direction parallel to the prestretch direction is consistently higher than that measured in the LCEs with loading direction perpendicular to the prestretch direction. Such direction-dependent fracture energy of LCEs is consistent with its anisotropic molecular structures.
Predictions of rupture of polydomain LCEs under uniaxial tension
As discussed by Rivlin and Thomas [1953] , fracture energy of an elastomer should be independent of material geometry. Consequently, we can use the fracture energy of LCEs measured above to predict rupture of LCEs with different shapes and under different loading conditions. As an example, based on the previous measurements, we predicted the stretch at rupture of long strip polydomain LCEs with an edge crack of different sizes and subjected to a uniaxial tension.
For a long strip LCE as shown in the inset of Fig. 7(a) , L, H, and B are used to denote its length, height, and thickness in undeformed state, and h is the height of the sample in the stretched state. In a precut sample, a small crack with initial length C is introduced in the middle by a razor blade, as shown in the inset of Fig. 7(b) . In our experiments, L is 10 mm and H is 20 mm. Stretch rate is fixed as 0.3/min. Figure 7 (a) plots the measured stress-stretch curves of pristine polydomain LCE under uniaxial tension. Figure 7 (b) plots stress-stretch curves of precut polydomain LCE with different crack sizes under uniaxial tension. Consequently, the dependence of stretch at rupture of LCE on the crack size can be obtained experimentally from Fig. 7(b) . Based on scaling analysis, energy release rate of a long strip elastomer under uniaxial tension can be given by,
where k is a dimensionless function and W is strain energy density of the elastomer with uniaxial stretch. Following Lindley [1972] , k is computed by the following equation: k = 2.95−0.08(λ−1) √ λ , and W can be measured through uniaxial tension test of pristine sample. By equating energy release rate computed from Eq. (2) to the fracture energy of polydomain LCE measured previously, we can predict the stretch at rupture of long strip polydomain LCEs containing an edge crack with different initial lengths under uniaxial tension. The prediction of the stretch at rupture of polydomain LCEs as a function of crack length is plotted together with experimental measurements in Fig. 8 . We found that the predictions agree well with experimental measurement. The discrepancy between experiments and predictions increases when the crack length is large, which is mainly due to the inaccurate estimation of energy release rate from Eq. (2).
Conclusion
In this paper, we studied rupture in polydomain and monodomain LCEs. Using pure shear test, we measured fracture energy of LCEs with different applied prestretches during their synthesis. We found out that fracture energy in polydomain LCE is much higher than monodomain LCE, which may be attributed to stretch induced polydomain-to-monodomain transition in polydomain sample near its crack tip. 
